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Abstract

Electrostatic rotary bell atomizers are commonly used in several engineering applications, including the automobile
industry. A high-speed rotating nozzle operating in a strong background electric field atomizes paint into charged
droplets that range from a few micrometers to tens of micrometers in diameter. The atomization process directly
determines the droplet size and droplet charge distributions which subsequently control the transfer efficiency and
the surface finish quality. We have previously developed a tool to perform high fidelity simulations of near-bell at-
omization with electrohydrodynamic effects. In this work, we perform simulations employed with a droplet ancestry
extraction tool to analyze previously inaccessible information and understand the physical processes driving atom-
ization. We find that the electric field accelerates breakup processes and enhances secondary atomization. The total
number of droplets, the ratio of secondary to primary droplets, and the ratio of coalescence to breakup activity are
all much higher when operating in an electric field. We analyze the droplet velocity, local Weber number and charge
density statistics to understand the complex physics in electrically assisted breakup. The results of the study have

helped us gain insights into the physics of atomization in electrostatic rotary sprays.
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1. Introduction

Electrostatic rotary bell atomizers (ERBAs) (Fig. 1)
are commonly used as automotive painting devices. In
addition to automobile paint shops, rotary atomizers are
used in several other applications such as agricultural
spraying [17], food processing [72], and pharmaceutical
drug-delivery [57]. In an ERBA, a high speed rotating
nozzle operating in a strong background electric field
atomizes paint into a spray of charged droplets. Paint is
externally charged and injected into a bell-shaped noz-
zle where it forms a thin film due to centrifugal forces.
The fluid film exits the edge of the nozzle to form liga-
ments which further atomize into droplets [32]. Elec-
trification of the device is carried out to improve its
transfer efficiency (TE) [25, 46]. The charged droplets
move through the background electric field towards the
grounded target surface.

Electrified flows are described by electrohydrody-
namics (EHD) - the science of characterizing interac-
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tions between fluid dynamics and electrostatics [11, 33].
EHD has seen several decades of research and is now
employed in various engineering applications including
food technology [4, 51, 35], inkjet printing [77], elec-
trostatic precipitation [106], powder coating [49], bio-
chemistry [97], microfluidics [5], fuel injection [31, 92],
and biomedical applications [29, 26, 30]. EHD-assisted
atomization has been an increasingly important means
of producing liquid droplets that is well-established
to offer advantages over other industrial spraying pro-
cesses [6, 39, 36].

The optimal performance of ERBAs can be im-
proved, for example, in the automotive painting indus-
try. Currently, painting with ERBAs often requires over-
coating to ensure sufficient finish quality [83]. This has
an effective reduction in its overall TE. The operation of
ERBAs can be improved to prevent using excess paint
to achieve sufficient surface finish quality [83]. The pro-
cess of painting vehicles is one of the most expensive
aspects of automobile manufacturing, accounting for up
to 50% of its total costs [3, 13]. With the global automo-
tive paints and coatings market size expected to value
about $26.8 bn by 2027 [76], small improvements can
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Figure 1: A rotary bell atomizer in operation. Photograph courtesy of
RISE Research Institutes of Sweden and Fraunhofer-Chalmers Cen-
tre.

result in significant cost savings and waste reduction.
Additionally, the paint shop is responsible for over 80%
of the environmental concerns in an automobile manu-
facturing facility [34]. Advancing our understanding of
the breakup mechanisms of ERBAs can improve the fi-
nancial and environmental impact of the device in the
automotive, agricultural, and pharmaceutical industries.

Crucial metrics such as the droplet size uniformity,
surface finish quality, TE, deposition thickness, and en-
vironmental impact are directly dependent on the atom-
ization process of ERBAs [25, 2, 16]. Currently, ex-
pensive trial-and-error experimentation is used to find
optimal operating conditions in industrial applications
of ERBAs.

Rotary atomization of uncharged sprays has been
well studied by several groups experimentally [43, 7,
23, 58, 63, 16, 56, 22, 90, 65, 50, 87, 1, 79, 93, 94, 96].
Although imaging equipment are seldom placed in
ERBA setups to prevent electric arcing [38], recent ef-
forts using ballistic [55, 88, 95] and X-ray [104, 40, 54]
technologies are able to provide snapshots of the at-
omization and spray transfer processes [19, 105, 1, 42,
46, 47, 48]. The articles listed above, however, lack
the analysis of the temporal information of the flow,
which can help investigate breakup mechanisms. Track-
ing algorithms for experimental studies that rely on im-
age processing techniques have been developed in the
past to identify breakup and coalescence activity in bub-
ble and droplet flows [81, 80, 44]. However, it is still
extremely challenging to analyze droplet breakup dy-
namics using visual snapshots because of the length
and time scales of the process. Moreover, the process
of charge transport dynamics are inaccessible to visual

analysis [105].

Recent numerical efforts have characterized the ef-
fects of various operating parameters on droplet tra-
jectories, droplet size distribution, spray pattern, and
charge evaporation in ERBAs [102, 15, 14, 28, 73, 74,
78, 37, 59, 53]. High-fidelity numerical simulations,
which can resolve the relevant time and length scales,
can be used to extract droplet ancestry statistics as a
valuable means of understanding the physics of atom-
ization in complex systems. In this work, a droplet
ancestry extraction tool first introduced by Rubel and
Owkes [82] and further developed by Christensen and
Owkes [12] is employed to extract and store droplet and
local flow field statistics during each breakup and co-
alescence event in simulations of near-bell atomization
in ERBAs. The information is stored in a Neo4j graph-
ical database and analyzed to track the evolution of the
liquid as it moves from the liquid core to small droplets
in an atomizing flow. The analysis allows us to com-
pute breakup and coalescence statistics, which charac-
terize the drop size distributions and help understand the
physics of atomization using high-fidelity simulations.

Using the droplet ancestry extraction tool, we con-
duct numerical experiments to investigate the droplet
conditions and local flow field characteristics to
understand the underlying mechanisms influencing
electrically-assisted rotary atomization. The findings of
this work can provide insight towards optimizing ER-
BAs for operational cost and environmental impact.

The article is organized as follows - the governing
equations used to describe the numerical model of at-
omization in ERBAs are detailed in Section 2. The sim-
ulation setup including the ancestry extraction tool is
discussed in Section 3. Inferences from a comparative
study to examine the effect of electrification on atomiza-
tion are presented in Section 4. Section 5 contains the
summary of this project and potential future work that
can be conducted to study atomization in ERBAs.

2. Governing equations

The physics modules discussed below have been im-
plemented within a code called NGA - a high-order,
fully conservative, variable density, low Mach num-
ber Navier-Stokes solver that contains various multi-
physics modules implemented in parallel using message
passing interface (MPI). The formulation discretely
conserves mass and momentum in a periodic domain.
NGA uses a conservative unsplit geometric volume-of-
fluid (VOF) scheme as described in the works of Blan-
quart et al. [10], Desjardins et al. [20, 21] and Owkes



and Desjardins [68, 69, 70, 71]. NGA has been devel-
oped by several groups to solve multiphase EHD flows,
details of which can be found in Van Poppel et al. [101],
Sheehy and Owkes [89], and Krisshna and Owkes [53].

2.1. Multiphase fluid dynamics

For low-Mach number, variable density, multiphase
flows, mass and momentum conservation laws in both
phases can be written as follows
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where p is the density, u is the velocity field vector, ¢
is time, and p is the hydrodynamic pressure. The sub-
script i denotes the fluid phase (gas or liquid). The term
yknd; denotes surface tension force, where ¥y is the sur-
face tension coefficient, « is the local curvature of the
interface computed using the ACES technique [67], n is
the normal vector to the interface, and §, is a Dirac-delta
function that is nonzero only on the interface [70]. The
viscous stress tensor O'f in Eq. 2 is given by

2
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where yu is the dynamic viscosity and I is the identity
tensor.

These equations form the basis of the fluid dynam-
ics module in this work and further details can be found
in Owkes and Desjardins [71, 68] and Desjardins et al.
[20, 21]. O'f is the Maxwell stress tensor which will be
described later in this section. fe,iema 1S @ combination
of the forces experienced by a fluid element in the sys-
tem.

fextemal = Lcentrifugal + fCoriolis + fgravity (4)

2.2. Electrohydrodynamics

The Maxwell stress tensor o7 in Eq. 2 is given by
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where E is the electric field vector and ¢ is the electric
permittivity equal to the product of the relative permit-
tivity ; and the vacuum permittivity space gy. Mag-
netic effects have been ignored since the EHD time scale
is several orders of magnitude larger than the magnetic
time scale [86] in the atomization process that is of in-
terest here. This electrostatic assumption eliminates the

effect of the velocity of the charges (i.e., current) on the
electric field thus dictating that the electric field is only
influenced by the instantaneous electric charge distribu-
tion. The electric force can be expressed as the diver-
gence of the Maxwell stress tensor,

V.o =gk - %E?V&- +V %pZ—ZEz)( (6)
where ¢ is the volumetric electric charge density. The
first term on the right-hand side of Eq. 6 is the Coulomb
(or Lorentz) force. The second and third terms denote
the dielectric and the electrostrictive forces respectively,
which are only significant in a transient electric field
with time scales several orders of magnitude larger than
what is encountered in atomization problems [52].

As the electric field vector is irrotational it can be ex-
pressed in terms of the scalar electric potential ¢ as

E; = -Vg. @)

The electric potential Poisson equation describes the re-
lationship between charge density ¢; and ¢ as

-V (8,V¢) =dqi. (8)

The accumulation of bulk volumetric charge as a
surface charge in a thin electric boundary layer much
smaller than the hydrodynamic boundary layer is a
commonly made assumption in charged jet simulations
[103, 100]. The electric charge has previously been
modeled in two ways: either a constant bulk volumet-
ric charge or a fully relaxed surface charge. Accord-
ing to the classic leaky dielectric model [61, 99, 86]
that is commonly used to describe the effects of electric
charge in dielectric liquids, the fundamental underlying
assumption is that bulk volumetric electric charge has
sufficient time to fully relax to a surface charge. How-
ever, for atomizing flows the advection time scale is
similar to the charge relaxation time scale and a fully
relaxed charge assumption is invalid. The charge relax-
ation time 7, represents the time required for volumetric
charge g, to relax to the surface [18, 52]. The fluid ad-
vection timescale 77 is a characteristic time for a fluid
element to move across a relevant length scale Ly. The
ratio of the two time scales called the electric Reynolds
number Re, was formulated in Stuetzer [98] as
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g
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where values of the quantities that correspond to typ-
ical automotive paints and ERBA operations listed in
Table 1 yield a value of Re, approximately equal to
8.93. This suggests that the advection and charge re-
laxation timescales are comparable in this application.
The above time scale analysis highlights the necessity
to model the process of charge relaxation by migration
and diffusion in addition to advection with the fluid ve-
locity. The common assumption of charges to be accu-
mulated on the surface disallows the charge migration
dynamics and limits the accuracy of the droplet charge
distribution after atomization. In this work, we assume
a constant bulk volumetric charge at the injector and al-
low charges to relax as the jet propagates through the
domain. Charge transport is described by the conserva-

tion equation

dq;
—+V-J,=0 12
T J (12)

where the current density J; is formulated as [60, 101]
Ji = qiu; + qiE; — DiVg; (13)

where y; is the charge mobility coefficient and D; is the
molecular diffusivity. The three terms that contribute to
the current density can be described as advection due to
the velocity field, advection due to the electrical veloc-
ity, and diffusion.

In summary, the charge density field (¢) and boundary
conditions (BCs) in electric potential are used to obtain
the electric potential field (¢) using Eq. 8. The electric
field (E) is then obtained using Eq. 7 after which Eq.
6 allows for the calculation of the electric (Coulomb)
force on the charged fluid. More details on the vali-
dation and the demonstration of the EHD module can
be found in Sheehy and Owkes [89] and Krisshna and
Owkes [53] respectively.

2.3. Rotating reference frame

In an ERBA undergoing ligament breakup mode,
each ligament exiting the serrated bell edge behaves
similarly with statistically similar droplet size distribu-
tion and charge transport behavior. Therefore, we focus
on one ligament ejected from the bell edge in our nu-
merical simulations. We attach our reference frame to
the rotating nozzle and ligament.

To account for the rotating nozzle and the consequent
forces, we include equations that describe the rotating
reference frame. This subjects the liquid to centrifugal
and Coriolis forces which can be formulated as

fcemrifugal = —piw X (W XT) (14)
fcoriolis = —2piw X u; (15)
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Figure 2: The viscosity-shear rate relationship of automotive paint is
approximated well using a modified power law fit (dotted line). Em-
pirical properties of the viscous behavior of automotive paints (cir-
cles) was provided by PPG Industries. Note the logarithmic scale on
the axes.

where w is the angular velocity and r is the radial dis-
tance from the axis of rotation. A validation of the rotat-
ing frame module is presented in Krisshna and Owkes
[53].

2.4. Non-Newtonian viscosity relationship

Most modern automotive paints are non-Newtonian,
particularly shear-thinning, in behavior. In this work,
the viscosity of a liquid (1) subject to a local shear rate
(n) is formulated using a modified power law as

p="T1 -7 41 (16)

where Yo, T, and T, are viscosity coefficients (Ta-
ble 1) obtained by applying a fitting function to empir-
ical viscosity-shear rate data corresponding to automo-
tive paints provided by PPG Industries (Figure 2). It is
notable that the viscosity of the automotive paint mod-
eled in this work asymptotes to a value at an infinite
shear rates.

3. Setup of numerical simulations

3.1. Domain geometry

The numerical setup follows the framework described
in Krisshna and Owkes [53]. The domain (Fig. 3) has
dimensions of 12.96 mm X 960 ym X 360 um with a cell
resolution of 3240 x 240 x 90 to yield 15 cells across
the jet diameter.

In this work, a bell of radius 25 mm is simulated.
Some ERBAs are equipped with serrations present at



the edge of the bell which causes the fluid to be ejected
as thin jets. The bell simulated in this work is equipped
with 418 serrations along its edge. We approximate a
single 60 um diameter jet that exits the bell edge when
operating at 40 kRPM [24]. A magnitude of 2.879 C/m?
for liquid charging is commonly applied to the liquid
in industrial paint shops [27, 75]. While the charging
mode in practice does not typically yield a uniform bulk
initial charge distribution, we assume such a case for
simplicity. It is worth noting that the charges are still
free to redistribute via advection, diffusion, and migra-
tion once the fluid leaves the bell, i.e., enters the compu-
tational domain. In future work, the initial charge dis-
tribution in ligaments can be varied.

The left boundary is a no-flux wall and the top bound-
ary is a wall that permits slip velocity. The bottom and
right boundaries are modeled to behave as convective
outflows. Periodic BCs are imposed for mass, momen-
tum, charge, and electric field on the front and back
walls. This means that at any instance the single jet
simulated in the computational domain is solved with
full consideration of its nearest neighboring jets.

It is challenging to obtain accurate electric potential
(¢) boundary conditions (BCs) on the boundaries of the
computational domain. Well defined ¢ exists at the bell
- which is maintained at a high potential, and at the tar-
get surface - which is grounded. For this reason, a sec-
ond domain called e-Mesh that spans from the bell to
the target surface is initialized and used exclusively to
obtain accurate BCs of ¢ on the flow domain. e-Mesh is
equipped with well defined ¢ boundary conditions and
the charge density field, which is transferred from the
flow domain. Using these, the electric Poisson equation
(Eq. 8) is solved in e-Mesh to obtain a potential feild ¢.
Values of ¢ are transferred from e-Mesh to the bound-
aries of the flow domain which serve as BCs to compute
¢ in the flow domain. More details on the numerical
setup can be found in Krisshna and Owkes [53].

The electric potential field (Fig. 4) in the domain
ranges from the bell potential (80 kV) to about 20 kV
in the absence of a liquid phase. The presence of liquid
affects the ¢ and E fields. The fields change depend-
ing on the location of the spray and can cause droplets
to repel each other. In the figure, the trajectory of a
liquid jet is graphically shown as a dashed white line
for reference. The contour lines of electric potential,
shown as solid lines, are almost parallel to the y-axis in
this regime. This indicates that the electric field and the
electric force vectors are oriented perpendicular to the y-
axis, i.e., in the direction of lower potential. Even in the
presence of liquid in the domain, the force vector acts
along the +x-direction in the liquid phase. A schematic

representation of the direction of the electric force (blue
line) acting on a control volume (blue circle) is shown
for clarity. It is important to note that the electric force
acts along the radially outward direction of the liquid jet
in this regime as this has significant effects on the flow
development which will be discussed in the following
sections.
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Figure 3: A schematic representation of the domain geometry show-
ing the trajectory of the liquid jet (green arrow) and the external body
forces acting upon it (not to scale).

3.2. Droplet ancestry extraction tool

A droplet ancestry extraction algorithm, developed
and demonstrated on atomizing flows by Rubel and
Owkes [82] and Christensen and Owkes [12], is incor-
porated into the ERBA simulation tool demonstrated in
Krisshna and Owkes [53] to track, collect, and store
statistics of droplet breakup and coalescence events
throughout the simulation. The droplet ancestry algo-
rithm identifies breakup and coalescence events at ev-
ery time-step. Important statistics including the loca-
tion, volume, local flow field, shape, and electric charge
are stored for each breakup and coalescence event.

The algorithm operates through the implementation
of two identification numbers, namely the structure (S)
and liquid (£) identification numbers. S is a unique in-
teger computed for each liquid structure using a con-
nected component labeling algorithm [45, 41]. L is
a unique integer that moves with the liquid providing
a time history of the fluid. Together, the numbers al-
low for breakup and coalescence events to be identified
and avoid fictitious, repetitive breakup and coalescence
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Figure 4: The electric potential field and its corresponding contour lines on an x-y plane in a domain devoid of any liquid phase. The trajectory of
the liquid jet is shown graphically as a dashed white line for reference. The electric force vector (blue arrow) that acts on a control volume (blue
circle) in this regime is also schematically represented. The presence of liquid will affect the ¢ and E fields but preserve the direction of the electric
force vector. The bell is shown at the top left corner and is not to scale.

Table 1: Standard values of parameters in the ERBA simulations

Property Symbol Value Unit
Bell rotation rate w 40x10° RPM
Bell radius Reen 0.025 m
Edge angle - 25 degrees
Inlet jet diameter Djet 60x107° m
Liq. flow rate - 7.957x107° m’/s
Gas viscosity e 1.8x107 Pa.s
Liq. density o1 1000 kg/m?
Gas density Pg 1.204 kg/m?
Surface tension y 0.03 N/m
Bell electric potential Viell 80x10° A%
Liq. charge density q 2.879 C/m?
Lig. rel. permittivity K] 50 -
Gas rel. permittivity Kq 1 -
Lig. molecular diffusivity Dy 2x107° m?/s
Liq. ionic mobility Ui 1.79x1078 m?/V.s
Yo 0.11 Pas
Liq. viscosity coefficients Ty 0.11 Pa.s
T, 0.36 -

events [12]. Once these key events are identified, details
on the event are extracted including the droplet size and
shape, flow condition, and electric potential of parent
and child droplets.

4. Results and Discussion

Two simulations are performed - one in a non-
electrified setup and one in an electrified setup - in a
domain as described in Section 3.1 with parameter val-
ues listed in Table 1. The two simulations are identical
except that there is no background electric potential and
no liquid charge density in the former. The two cases
are simulated to help understand the effect of charges
and the background electric field on the breakup mech-
anisms driving atomization. The results section is orga-
nized as follows - we visually compare the liquid inter-

faces of the two simulated cases and also show a graphi-
cal interpretation of droplet ancestry. We briefly present
a non-dimensional analysis of the simulation parame-
ters and discuss the relevant physical processes in this
setup. Finally, we quantify the differences between the
two simulated cases and draw inferences by discussing
the overall spray characteristics and droplet statistics in-
cluding size, shape, velocity, and charge density.

4.1. Liquid interface

Figs. 5 and 6 show the positions of the liquid inter-
face of the jet at different instances in time as viewed
from different viewing planes. We see long ligaments,
irregular droplet structures and We are able to capture
complex and chaotic breakup activity comprising pri-
mary and secondary atomization that begins approxi-
mately 6 mm away from the bell edge. Primary at-



Table 2: Non-dimensional numbers used in the ERBA simulations

Number Definition Value

Density ratio pilpg 830.56
CFL [Omax AL/ Ax 0.30

Bulk Weber pilwe*Diec/y | 77.87
Permittivity ratio K1/ Kq 50.00

Electric Reynolds (Re,)
Electric Péclet (Pe,)

gilwjecl/ (Lgipy) 8.93
qLl* [ (Dye)) 0.21

Electric Bond gl|EPL/y 0.091
Electro-inertial qlsz / (Flpllujetlz)( 0.0017
\ \

omization is characterized by the processes of ligament
thinning, Rayleigh-Plateau instability growth and aero-
dynamic breakup due to interaction with quiescent air.
Sinuous instabilities are observed in both cases but seem
suppressed in the electrified jet. The reason for sup-
pressed instability growth will be discussed in the fol-
lowing sections. As seen in Fig. 4, the electric force,
which points radially outward, elongates the electrified
jet along the x—direction and enhances breakup activity.

4.2. Visualizing the database

The droplet ancestry statistics extraction tool operates
throughout the simulation. As described in Section 3.2,
the extraction tool identifies each breakup and coales-
cence event that occurs in the simulation and connects
successive events to create an ancestry or family tree
describing the breakup process. Statistics on the droplet
shape, size, and location along with a characterization
of the local flow field are also extracted and connected
to parent and child droplets. Fig. 7 displays the ancestry
as interpreted by a Neo4;j graphical database. The nodes
represent individual droplets and the lines connecting
them represent the associated breakup events. The lig-
ament core is in the center of the image. To maintain
the visibility of the nodes and lines, only droplets which
broke up up-to six times and their “ancestors” are dis-
played in the image. The statistics associated with each
node are stored in the well organized database that can
be processed to provide insights on the breakup mecha-
nisms in ERBAs.

4.3. Examining non-dimensional quantities

The non-dimensional numbers corresponding to the
simulations are listed in Table 2. In the interest of un-
derstanding the effect of EHD on the flow, we present a
brief discussion on the relevant non-dimensional num-
bers. The electric Reynolds number (Re,) [98] is the ra-
tio of the charge advection timescale to the charge mo-
bility timescale while the electric Péclet number (Pe,)

[89] is a measure of the charge mobility timescale to
the charge diffusion timescale. For high values of Re,,
charge migration is insignificant and the initial charge
distribution will prevail in the liquid jet. For low val-
ues of Re,, charge migration acts quickly to relax the
charges to the surface allowing for surface charge mod-
els to be appropriate. For high values of Pe,, charge
migration dominates the charge diffusion process and
vice versa. Based on the values of Re, and Pe, for
this setup, it is reasonable to model all three charge dy-
namics processes, i.e., advection, diffusion, and migra-
tion, since their timescales are comparable to one an-
other. The electric Bond number [8] quantifies the im-
portance of the deforming electrical force compared to
the restoring surface tension force. A low value sig-
nifies the dominance of surface tension-driven breakup
activity. The electro-inertial number [89] denotes the
importance of EHD forces compared to inertial advec-
tive forces. A low value implies that inertial forces pre-
dominantly drive the hydrodynamics of the flow in this
setup.

4.4. Spray characteristics

The spray statistics point to the observation that elec-
trification enhances breakup activity. The radial liquid
penetration after 300 us is 11% more for the electri-
fied jet. The spray angle characterizes the dispersion
of the spray and is computed as the angle about the z
axis on the x-y plane out of the bell edge such that 90%
of the liquid is within the prescribed region created by
that angle. The spray angle is about 3.4 times greater
for the electrified jet. The distribution of droplet spac-
ing (Fig. 8(a)), which can be quantified as the distance
between every droplet pair in the spray, further reflects
the larger spray coverage in the electrified jet where the
mean droplet spacing which is 12% more than the non-
electrified case. All these metrics suggest that atom-
ization and breakup activity is enhanced by the electric
field. As seen in Fig. 4, the electric force points radially
outward and increases penetration and spray coverage in
electrified flows. Droplet spacing is an important metric
in rotary sprays and the electric field has a significant
impact on it. The optimal operating conditions of the
electrified atomizer have to be carefully selected.

In contrast, the breakup length, i.e., the length of the
main ligament core, is 4% longer for the electrified jet.
Moreover, the first instance of breakup occurs 6% later
in the electrified jet. This can be attributed to the stabi-
lizing force provided by the electric field on the charged
liquid core [9, 85, 64, 84, 62]. However, we present
in the next section that once breakup begins, the elec-
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Figure 5: Liquid interface positions in a non-electrified (yellow) and an electrified (violet) jet after exiting the edge of the bell on an x-y plane at
different times. The nozzle is shown for reference at the top left corner and is not to scale.

tric field accelerates the breakup process leading to sec-
ondary atomization.

4.5. Atomization characteristics

According to Pendar and Péscoa [75], the presence of
electric charges within liquid structures causes a net re-
duction in the effective surface tension in large droplets
and ligaments and therefore an increase in their effective
local Weber number. This leads to enhanced breakup
activity. After 300 us, the electrified jet contains about
25% more droplets than the non-electrified jet. Fig. 8(b)
shows the time evolution of the number of liquid struc-
tures in the domain. The delay in the first instance of
breakup (discussed in the previous section) and the ac-
celerated breakup in the electrified jet are evident from
the plot. A closer look at the droplet statistics, which
will be presented in the following sections, provides
more evidence for the enhanced atomization in an elec-
trified jet.

We identify the two major types of atomization in this
system - primary and secondary. Primary atomization
occurs when droplets split from the main ligament core.
Secondary atomization comprises all breakup follow-
ing primary atomization which includes second, third,
fourth, etc. breakup events. These subsequent breakup
events are also called breakup levels in the following
discussion. For clarity, breakup level 1 corresponds
to liquid structures that are formed due to primary at-
omization, i.e., breakup from the main ligament core;
breakup levels 2 onward correspond to liquid structures
created from secondary atomization events. In a non-
electrified jet, 1.64% of the total number of droplets
formed in the simulation are from primary atomization

(broke up once) and 98.36% are from secondary atom-
ization (broke up two or more times). The prevalence
of secondary atomizing events indicates that the droplet
cloud is heavily dependent on mechanisms within this
regime. The dominance is more pronounced in an
electrified jet where the ratio of secondary to primary
droplets is 30% more than that in the non-electrified jet.
This follows the idea that the electric field accelerates
secondary breakup activity. Various parameters includ-
ing the rotation rate, surface tension coefficient, and lig-
uid viscosity affect the distance and time at which pri-
mary atomization begins.

It is interesting to analyze the number of droplets for
each breakup level. While the final time chosen is arbi-
trary, it confirms the trend of atomization activity in the
domain. Fig. 8(c) shows the number distribution of the
droplets for each breakup level in the simulation. Al-
though the dominant breakup level for both cases is the
same (level 4), the electrified jet, which contains more
droplets overall, also contains more droplets in deeper
breakup levels.

Droplet coalescence is a crucial process in atomizing
flows. After 300 us, the ratio of coalescence to breakup
events in electrified operation (0.27) is 41% more than
that in a non-electrified setup (0.19). It makes intuitive
sense that more coalescence is observed in electrified
setups because although the droplets are more spread
out, the spray cloud contains more structures which in
turn leads to more droplet collisions.

4.6. Droplet size and shape evolution

The enhanced breakup activity in an electrified jet
produces smaller droplets. The mean diameter of
droplets in the spray cloud near the nozzle is about 4.5%
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Figure 6: Liquid interface positions of six individual non-electrified (yellow) and electrified (violet) jets exiting a clockwise-rotating serrated bell
edge (left, not to scale) as viewed at different times from an x-z plane. The simulation domain is outlined by a dashed box. Owing to the periodic
boundary conditions along the z-axis, an arc along the bell edge spanning six serrations is depicted in this view by stacking the domains in an
attempt to recreate experimental images available in Shirota et al. [91], Oswald et al. [66], Domnick [23] and Wilson et al. [105].
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Figure 7: Droplet ancestries in the non-electrified jet represented us-
ing the Neo4;j graphical database. The colors represent breakup levels
1 (gray), 2 (yellow), 3 (green), 4 (red), 5 (pink) and 6 (blue). Lines
connect related droplets, i.e., droplets which split from each other.
The ligament core (black) is present at the center of the image. Each
node contains relevant statistics from the breakup event.

smaller when operating in an electric field. Fig. 9(a)
shows a comparison of the diameter distribution of
droplets in the domain. We observe more number of
smaller liquid structures are created in an electrified jet
due to the net reduction in effective surface tension in
charged droplets. Fig. 9(b) shows the comparison of the
mean droplet diameters for each breakup level. A trend
towards decreasing droplet sizes for deeper breakup lev-
els is generally observed. Due to coalescence events, the
droplet sizes may not strictly decrease between succes-
sive breakup levels.

Fig. 9(c) shows the mean change in diameter of
droplets between successive breakup levels. The change
in the size of droplets decreases for deeper breakup lev-
els due to the small sizes of the droplets themselves.
The mean change in diameters across all breakup lev-
els is about 18% lower in electrified jets. There are
some instances where the change in diameter during
a breakup event, which is the difference between the
new and parent droplet diameters, is a positive num-
ber. This is due to a coalescence event that occurred
between two breakup events leading to an increase in
its size. After breakup level 9, the mean change in di-
ameter across breakup levels is seemingly constant for
both cases. This is speculated to be due to a high ratio
of coalescence to breakup events in this regime.

One way to quantify the shape of the resulting droplet
is to examine its sphericity - a dimensionless quantity
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of the near-bell atomization simulation.



that represents the degree of departure from a perfect
sphere. Mathematically, sphericity can be calculated
as Aj/As, where A} > A, > Aj are the lengths of the
three principal axes of an ellipsoidal approximation of
the droplet structure. A sphericity of 1, which is its
lowest attainable value, indicates a perfect sphere, while
larger values indicate irregular shapes. Fig. 9(d) shows
a comparison of the sphericity distribution of droplets
in the domain. The mean sphericity of all droplet struc-
tures is about 5% lower for the electrified droplets after
300 us of the simulation, suggesting that they are more
spherical in shape.

4.7. Droplet velocity statistics

Analyzing the droplet velocities shows that during
breakup, the mean absolute velocity of droplets in the
electrified jet is about 3% lower than the non-electrified
jet during breakup events. Fig. 10(a) shows that smaller
droplets undergo breakup at lower velocities in the elec-
trified jet due to the net reduction in the effective sur-
face tension force. However, larger droplets undergo
breakup at greater velocities in the electrified jet. This
can be attributed to the presence of charges which im-
parts electric force on large droplets. A similar trend is
not evident in smaller droplets due to their small size
and sensitivity to aerodynamic drag. Additionally, the
mean slip velocity magnitude, which is formulated as
|Utiquid — Ugasl, is 16% higher in an electrified setup dur-
ing breakup events. This suggests that charged droplets
undergo breakup at higher slip velocities. Fig. 10(b)
highlights that this is true across most droplets sizes.
|Utiquidl 1s computed as the liquid volume weighted av-
erage velocity of cells corresponding to that structure
while [Ug,| is computed as the gas volume weighted av-
erage velocity of cells neighboring the interfacial cells
of that structure. It is important to note here that this
method of calculating the slip velocity is a severe un-
derestimation. While its actual value is challenging to
compute, our observation that its magnitude is higher in
an electrified jet is a useful statistic which will be dis-
cussed in the next section.

4.8. Local Weber number analysis

Using the ancestry extraction tool, the local flow field
surrounding breakup events is analyzed and the local
Weber number (Wejqcq1) is computed as

- A7)

where p, is the gas density, U, is the slip velocity, L is
the characteristic length which is the equivalent spheri-
cal diameter of the droplet prior to breakup, and 7 is the
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surface tension coefficient. A more detailed explanation
of this calculation is provided in Christensen and Owkes
[12].

The Wejoca distribution corresponding to structures
prior to breakup is presented in Fig. 11. The mean We-
ber number for all breakup events is about 25% more
in an electrified jet, which likely indicates that aerody-
namic forces are more actively driving atomization in
this system. This follows the findings of the slip ve-
locity which was higher during breakup in electrified
droplets. To reiterate, the slip velocity, which is severely
underestimated, is squared in Eq. 17 to calculate the
Weiocar. While the accurate value of Wejocy is challeng-
ing to compute, the general trend that it is higher in
electrified setups is a useful finding. Since the Wejycy
is severely underestimated in this formulation, we have
sufficient reason to believe that atomization is driven by
both aerodynamic breakup and instability growth and is
enhanced in electrified setups by the electric force and
the presence of charges in the liquid.

4.9. Charge distribution statistics

Most droplets contain a charge density that is very
close to the initial bulk charging value (Fig. 12(a)).
However, since the process of charge migration is in-
cluded in the model, we also see a distribution of charge
densities in the droplets. Compared to the initial charge
density (Table 1), it is more probable to find a droplet
with a lower value of ¢g. As charges relax towards the
interface of the ligament, there is a localized reduction
of ¢ in the bulk of the ligament. A majority of the liquid
structures break off the ligament bulk (since a greater
liquid volume is present in the bulk than near the inter-
face) to form droplets that contain slightly lower values
of g than the initial bulk value. The moderate value of
Re, (Table 2) which is the ratio of the residence time of
liquid in the domain to the charge relaxation timescale
indicates that the charges have time to relax to some
degree, but not enough time to fully relax to the sur-
face. Higher resolution simulations can help better un-
derstand the charge relaxation process through the liga-
ment core and the factors affecting the charge distribu-
tion in the spray cloud.

Upon closer inspection of the charge distribution in
droplets, we see that g is generally higher in larger
droplets (Fig. 12(b)). This can be explained as follows
- small droplets are more likely to be formed from the
volume of liquid in the bulk of a ligament which, as dis-
cussed, contains a lower charge density. Larger droplets
tend to break off as long primary ligaments from the
main ligament core and therefore will not necessarily
have a lower value of q.
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300 us of the near-bell atomization simulation.

The change in g for successive breakup levels also
shows a decreasing trend and approaches zero for the
deepest breakup levels (Fig. 12(c)). Naturally, the
change in ¢ during a breakup event is inversely propor-
tional to the change in the droplet sizes (Fig. 12(d)).

5. Conclusions

Electrostatic rotary bell atomizers (ERBAs) are pop-
ular atomizing devices used in the various industries,
including automotive painting. Multiple complex phys-
ical processes influence the mechanisms driving atom-
ization in the device. In this work, we perform high fi-
delity simulations using a numerical model previously
developed to simulate electrohydrodynamic atomiza-
tion in ERBAs. The simulations are equipped with a
droplet ancestry extraction tool that stores droplet and
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local flow statistics. We conduct analyses on the ex-
tracted statistics to provide insights into the breakup
mechanisms in an ERBA. This is a cost-effective
method to understand atomization and the extract infor-
mation that are challenging to obtain experimentally.

We find that the presence of the electric field in-
creases jet penetration, spray angle, and droplet spacing
due to the effect of the electric force that acts along the
radially outward direction. However, the breakup length
and the first instance of breakup in time is longer in the
electrified jet due to a stabilizing force provided by the
electric field on the charged ligament core. However,
once breakup begins, the net reduction in the effective
surface tension in liquid structures due to the presence
of charges accelerates the breakup process leading en-
hanced secondary atomization in the electrified jet. The
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total number of droplets, the ratio of secondary to pri-
mary droplets, and the ratio of coalescence to breakup
activity are all much higher when operating in an elec-
tric field. Charged droplets seem to undergo breakup
at higher slip velocities than uncharged droplets. Most
charged droplets contain a charge density that is very
close to the initial bulk charging value. While larger
droplets generally contain a higher value of charge den-
sity, it is more probable to find droplets with charge den-
sity values lower than the initial bulk value.

Small improvements to the performance of this de-
vice can have significant financial and environmental
benefits. The findings of this work can help manufactur-
ers choose optimal operating conditions of ERBAs more
carefully. The tool developed can be employed to under-
stand the effect of the electric field over a wide range of
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other operating parameters, including rotation rate, flow
rate, bell potential and liquid charge density. In the fu-
ture, finer simulations will be conducted to understand
the charge relaxation dynamics for non-uniform initial
liquid charge distributions and include the effects of a
shaping air setup. Such development will allow for a
deeper understanding of the charge distribution dynam-
ics for industrial applications of ERBAs.
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